Glyoxysomal citrate synthase in pumpkin is synthesized as a precursor that has a cleavable presequence at its N-terminal end. To investigate the role of the presequence in the transport of the protein to the microbodies, we generated transgenic Arabidopsis plants that expressed f3-glucuronidase with the N-terminal presequence of the precursor to the glyoxysomal citrate synthase of pumpkin. lmmunogold labeling and cell fractionation studies showed that the chimeric protein was transported into microbodies and subsequently was processed. The chimeric protein was transported to functionally different microbodies, such as glyoxysomes, leaf peroxisomes, and unspecialized microbodies. These observations indicated that the transport of glyoxysomal citrate synthase is mediated by its N-terminal presequence and that the transport system is functional in all plant microbodies. Site-directed mutagenesis of the conserved amino acids in the presequence caused abnormal targeting and inhibition of processing of the chimeric protein, suggesting that the conserved amino acids in the presequence are required for recognition of the target or processing.
INTRODUCTION
Microbodies are ubiquitous organelles in eukaryotic cells; they are generally defined as organelles that contain catalase and at least one H202-producing oxidase. In higher plants, microbodies can be categorized into at least three classes that are distinguishable by function (Huang et al., 1983) . (1) Glyoxysomes, which are found in germinating cotyledons of oil seeds, contain some enzymes required for the B-oxidation of fatty acids and the glyoxylate cycle, which participates in the mobilization of lipids. (2) Leaf peroxisomes are found in green leaves and function together with mitochondria and chloroplasts in photorespiratory glycolate metabolism. (3) Unspecialized microbodies with undefined metabolic roles are present in other organs, such as roots and stems. Microbodies in cotyledons of fatty seedlings can undergo a change in metabolic function. Thus, glyoxysomes are transformed to leaf peroxisomes during the greening of cotyledons.
lmmunocytochemical studies have shown that glyoxysomes can change directly into leaf peroxisomes (Titus and Becker, 1985; Nishimura et al., 1986; Sautter et al., 1986) . We have shown previously that the transition of microbodies from glyoxysomes to leaf peroxisomes is regulated both transcriptionally and post-transcriptionally (Mori and Nishimura, 1989; Mori et al., 1991; Tsugeki et ai., 1993; Katoet al., 1995 Katoet al., ,1996 Yamaguchi et al., 1995) . The reverse conversion of microbodies was observed in senescent tissues. Leaf peroxisomes in senescing cotyledons were once again converted directly to glyoxysomes ' To whom correspondence should be addressed.
(De Bellis and Nishimura, 1991; Nishimura et al., 1993; Kato et al., 1996) .
Microbodies are surrounded by a single membrane, and their proteins are encoded in the nuclear genome. Microbody proteins are synthesized in the cytosol on free polysomes and are transported post-translationally into microbodies (Lazarrow and Fujiki, 1985) . Most microbody proteins are synthesized as proteins that are the same size as their corresponding mature proteins. The mature proteins in this group have a signal for targeting their sequences to the microbodies. A tripeptide such as Ser-Lys-Leu at the C-terminal end has been identified as a targeting signal, known as peroxisome targeting signal 1 (PTS1; reviewed in Subramani, 1992 Subramani, , 1993 . Ser-Lys-Leu and related amino acid sequences have similar functions in mammals, insects, fungi, and plants (Gould et al., 1990) . Glyoxysomal enzymes, such as malate synthase (Comai et al., 1989a; Graham et al., 1989; Mori et al., 1991) and isocitrate lyase (Beeching and Northcote, 1987; Comai et al., 1989b; Turley et al., 1990) , and leaf peroxisomal enzymes, such as glycolate oxidase (Volokita and Somerville, 1987; Tsugeki et al., 1993) and hydroxypyruvate reductase (Hayashi et al., 1996b) , contain the PTSl signal at their C-terminal ends. In contrast, a small group of microbody proteins, such as 3-ketoacyl-COA thiolase (Hijikata et al., 1987; Preisig-Müllar and Kindl, 1993; Kato et al., 1996) and malate dehydrogenase (Gietl, 1990) , are synthesized as precursor proteins with molecular masses greater than those of the mature proteins. They have a cleavable presequence at their N-terminal ends. Swinkels et al. (1991) showed that the N-terminal presequence of 3-ketoacyl-COA thiolase from rat liver functions as a targeting signal (PTS2) .
Glyoxysomal citrate synthase (gCS), which converts oxaloacetate to citrate in the glyoxylate cycle, is synthesized as a longer precursor with an N-terminal presequence (Kato et al., 1995) . The N-terminal region of gCS is highly homologous to those of other microbody proteins that are synthesized as precursors, and gCS has two conserved sequences in its N-terminal region (Kato et al., 1995) . One such sequence is RL-X5-HL. It was first recognized by de Hoop and Ab (1992) .
This sequence seems to function for targeting to microbodies Glover et al., 1994; Tsukamoto et al., 1994) . The other sequence is SXLXXAXCXA (where X stands for any amino acid; Kato et al., 1995 Kato et al., , 1996 , located at the cleavage site of the presequence, but its function has not been defined.
In this study, we focused on the roles of these two consensus sequences in the targeting of gCS to microbodies and in the processing of its N-terminal presequence. We generated transgenic Arabidopsis plants that expressed a chimeric protein composed of the N-terminal region of gCS and a bacterial protein, pglucuronidase (GUS). In addition, we constructed and expressed chimeric proteins with substituted amino acid residues in the two consensus sequences by site-directed mutagenesis. The localization of these chimeric proteins was determined by immunological and immunocytochemical analyses, and the processing of the chimeric proteins was examined. We discuss the functions of the two consensus sequences in the targeting and processing of gCS and also provide some details of protein transport, which is mediated by the N-terminal region of gCS, to various microbodies, namely, glyoxysomes, leaf peroxisomes, and unspecialized microbodies.
RESULTS

Expression of Chimeric Proteins in Transgenic Arabidopsis Plants
To investigate the function of the N-terminal region of gCS, we constructed a chimeric gene that encodes the N-terminal region of the enzyme from pumpkin and GUS. The gene encoding GUS originated from fscherichia co/i(uidA) and thus included no signal sequences for targeting to organelles in eukaryotic cells. Figure 1A shows the construction of chimeric proteins. A DNA fragment produced by polymerase chain reaction (PCR) encoded 47 amino acids; this included 43 residues of presequence and four residues of the N-terminal region of mature gCS. This fragment was conjugated to the N-terminal end of GUS, to yield a gene designated CS-GUS ( Figure 16 ).
Various amino acids, namely, Arg-16, in the conserved sequences in the presequence, were replaced by glycine residues as described in Methods. In addition, Cys-42 was replaced by phenylalanine, which has a large and aromatic side chain, or it was eliminated from the presequence.
The chimeric genes were integrated downstream of the cauliflower mosaic virus 35s promoter in the binary vector pMAT037 (Figure 16 ; Matsuoka and Nakamura, 1991) . The Ti plasmid vectors were transferred to Arabidopsis by Agrobacterium-mediated transformation, and primary transformants were designated To plants. Among the kanamycin-resistant TI plants, transformants that produced the chimeric proteins were selected by immunoblotting, using specific antibodies raised against GUS. T2 seeds were germinated on kanamycincontaining medium, and kanamycin-resistant and homozygous
A Strain
CS-GUS
Rl6G
L17G
L24G
E30G
C42G
C42F
AC42
Gene
CS-GUS
R16G
LI 7G
L24G
E3OG
C42G
C42F
dC42
Amino acid sequence 
CS-GUS
1 " I P T D l~~L S P S N V~R~L I S A A~L E P P~~~"~I S S L~S~Q T~ 1 " I P T D P I E L S P S I . R ' h R H~~~L S~S L E P P~~"~S L~~~S A Q T - Figure 1 . Construction of Chimeric Genes.
In the chimeric proteins, the N-terminal sequence of gCS in pumpkin was conjugated with the N terminus of GUS. Crude extracts of green seedlings were subjected to SDS-PAGE (on 6% acrylamide gels) and subsequently immunoblotted with GUSspecific antibodies. Ten micrograms of total protein was loaded in each lane. Arrows indicate the sizes of the proteins.
T 2 plants were isolated. The T 2 seedlings that accumulated the largest amount of the product of each chimeric gene were used for further analysis. Figure 2 shows the accumulation of the chimeric proteins in all of the transgenic plants. The transformant carrying Gl/S, which encoded native GUS ( Figure 1B ; Hayashi et al., 1996a) , produced a single immunoreactive band of a protein with a molecular mass of 68 kD. In the case of other constructs, proteins with molecular masses of 72 kD were detected. The difference of 4 kD in the molecular masses corresponds to the additional amino acids in the chimeric proteins. Some transgenic plants expressed GUS proteins of both 68 and 72 kD. The 68-kD proteins detected in the transgenic plants were CS-GUS, E30G, C42G, and C42F and may have been generated by processing after translocation of the chimeric proteins. The accumulation levels of the products of the chimeric genes were similar in each transgenic Arabidopsis plant.
quence, indicating that the N-terminal region of gCS functions as a signal for targeting to glyoxysomes.
In higher plants, microbodies can be classified into three types, namely, glyoxysomes in etiolated cotyledons, leat peroxisomes in green leaves, and unspecialized microbodies in other tissues. Microbodies in dark-grown cotyledons from Arabidopsis function as glyoxysomes (Hayashi et al., 1996a) . Because gCS is a glyoxysnme-specific protein in pumpkin cotyledons (Kato et al., 1995) , the chimeric protein encoded by CS-GUS accumulated in glyoxysomes of 7-day-old dark-grown cotyledons (Figures 3 and 4A) . Hayashi et al. (1996a) also demonstrated that a chimeric protein consisting of GUS plus the C-terminal targeting signal of malate synthase is transported to all types of microbodies, namely, glyoxysomes, leaf peroxisomes, and unspecialized microbodies.
We emphasize that the chimeric protein containing the N-terminal targeting sequence also accumulated in all functionally differentiated microbodies in plants. The chimeric protein encoded by CS-GUS was localized in leaf peroxisomes in green cotyledons ( Figure 4B ) and in glyoxysomes in etiolated cotyledons ( Figure 4A ). The chimeric protein was also localized in leaf peroxisomes in mature leaves ( Figure 4C ) and in unspecialized microbodies in roots ( Figure 4D ). These results clearly indicate that the chimeric protein encoded by CS-GC/S was transported to glyoxysomes, leaf peroxisomes, and unspecialized microbodies.
M
Localization of the Chimeric Protein Encoded by CS-GUS
To clarify the intracellular localization of the chimeric protein encoded by CS-GUS, we performed immunocytochemical analysis using a transgenic plant expressing the chimeric protein. Ultrathin sections were prepared from the cotyledon of a 7-day-old dark-grown transgenic Arabidopsis plant carrying CS-GUS. Double staining was with antibodies raised against GUS and catalase, which is a marker enzyme for microbodies. Figure 3 shows the results of double staining one of the sections. The larger gold particles and the smaller gold particles represent the localization of GUS and catalase, respectively. The large gold particles are colocalized on an organelle on which small gold particles are visible, but not on other organelles such as mitochondria and etioplasts. Thus, GUS was specifically localized in the microbodies. Native GUS is localized nonspecifically in the organelles of transgenic plants (Hayashi et al., 1996a) . The specific translocation of GUS to glyoxysomes resulted from the additional N-terminal se- 
Localization of Chimeric Proteins with an Altered N-Terminal Consensus Sequence
To investigate the function of the conserved sequences in the N-terminal region of gCS, we performed immunocytochemical analysis with transgenic Arabidopsis plants expressing various chimeric proteins. Ultrathin sections were prepared from cotyledons of seedlings that had been grown in the light for 7 days and immunostained with antibodies raised against GUS, and the sections were examined under an electron microscope. The gold particles indicated the localization of the chimeric proteins that consisted of mutated N-terminal sequences and GUS.
In the chimeric proteins encoded by R16G, L17G, and L24G, conserved arginine and leucine residues were replaced by glycine residues (Figure 1 A) . The substitution of these conserved amino acids has been reported to increase the erroneous translocation of a thiolase from Saccharomyces cerevisiae (Glover et al., 1994) , a thiolase from rat (Tsukamoto et al., 1994) , and a malate dehydrogenase from watermelon to microbodies in mammalian cells or in yeast cells. Figures  5D to 5F show the results of immunostaining of thin sections of Arabidopsis transformants that accumulated the mutated chimeric proteins. Whereas the presence of the CS-GUS construct resulted in the labeling of GUS in the microbodies ( Figure  5B ), the presence of the R16G, L17G, and L24G constructs resulted in no signals in any organelles, as was also observed in the case of the control section from a plant transformed with GUS ( Figure 5A ). We analyzed another transformant of R16G and two others of L17G by using immunoelectron microscopy; two other transformants of L24G were analyzed by cell fractionation and immunoblotting. They did not show specific localization of the chimeric proteins to the microbodies (data not shown), indicating that the erroneous localization of the chimeric proteins was not due to mutagenesis by transgene insertions into chromosomes. These results indicated that the chimeric proteins containing the mutation of Arg-16, Leu-17, and Leu-24 are not accumulated in microbodies of transgenic Arabidopsis plants.
Localization of Chimeric Proteins with Alterations of Other Amino Acids
In the chimeric protein encoded by E30G, Glu-30 was replaced by glycine. In the section from the corresponding Arabidopsis plant, the chimeric protein was found at the same location as those in the CS-GUS-containing plant ( Figures 5B and 5C ), indicating that the chimeric protein encoded by E30G was transported to microbodies.
The function of the second consensus sequence that is located at the cleavage site has not yet been defined. In this consensus sequence, a cysteine residue on the C-terminal side of the presequence is conserved in all microbody proteins that are synthesized as precursors (Kato et al., 1995) . We investigated the function of this cysteine residue, Cys-42 in the presequence of pumpkin gCS, in the targeting of proteins to microbodies. Immunocytochemical analysis showed that the chimeric proteins encoded by C42G and C42F were localized specifically to microbodies in transgenic Arabidopsis plants ( Figures 5G and 5H ). In addition, the chimeric protein encoded by AC42, which was missing Cys-42, was also localized in the microbodies (Figure 51 ). These results indicate that the chimeric proteins encoded by C42G, C42F, and AC42 were imported to microbodies. Also, the results suggest that N-terminal sequences containing the mutation of Cys-42 function as targeting signals to microbodies in the same way as the native sequence.
Processing of Chimeric Proteins That Have Been Imported into the Microbodies
The CS-GUS -containing plants expressed the 68-and 72-kD proteins that reacted immunologically with antibodies raised against GUS (Figure 2) . The 68-kD protein had the same molecular mass as the product of GUS (Figure 2 ). Because the native GUS protein was not imported into the microbodies, the 72-kD protein seemed to be processed by the removal of the N-terminal presequence in the microbodies and converted to the 68-kD mature protein. Miura et al. (1994) demonstrated that the precursor for 3-ketoacyl-CoA thiolase was translocated and subsequently processed in rat liver peroxisomes in vitro. To confirm that the chimeric proteins were Figure 5 . Localization of the Chimeric Proteins in Transgenic Arabidopsis Seedlings.
harboring the chimeric proteins were grown for 7 days in the light. Thin sections of cotyledons were stained with GUS-specific chloroplast; M, mitochondrion; P, leaf peroxisome. processed in the microbodies, we performed subcellular fractionation with transgenic Arabidopsis plants by using sucrose density gradient centrifugation. The distribution of catalase and GUS was determined by immunoblotting with specific antibodies. In GUS plants, the protein encoded by GUS was present in the supernatant fractions, indicating that the 68-kD GUS protein was not targeted to microbodies ( Figure 6A ). The chimeric protein encoded by R16G was also detected in the top fractions of the density gradient but not in the microbody fractions ( Figure 6C ). This result confirmed the immunocytochemical result for the plant carrying R16G (Figure 5D ), namely, that the chimeric protein encoded by R76G did not accumulate in microbodies. Similar fractionation experiments revealed that localization of the chimeric proteins encoded by L17G and L24G was the same as that of the protein encoded by R16G (data not shown). Although the R16G, L17G, and L24G proteins contained a normal processing site in their N-terminal sequences, respectively, the detectable polypeptides in the gradients were only the 72-kD proteins. Because the chimeric proteins encoded by R76G, L17G, and L24G were not targeted to microbodies and were not processed in microbodies, we could not detect the 68-kD mature protein form.
In contrast with the plants carrying CS-GUS, both the 68-and 72-kD chimeric proteins were fractionated with catalase ( Figure 6B ), indicating that the immunoreactive polypeptides were colocalized in the microbodies. This confirmed the result of the immunoelectron microscopic analysis ( Figure 5B ). The distribution of the immunoreactive polypeptides mimicked that of catalase, indicating that the immunoreactive polypeptides in the supernatant had been released from the microbodies during homogenization and subsequent centrifugation ( Figure 6B) . Furthermore, the ratio of the two proteins was ~50% in the whole-cell extract and was the same as the microbody fractions. These observations suggested that the chimeric protein encoded by CS-GUS that was synthesized in the cytosol was immediately and exclusively transported into the microbodies.
Densitometric analysis showed that the levels of the 68-kD proteins in the C42G and C42F constructs corresponded tõ 20 and 30% of the total immunoreactive proteins, respectively, whereas those in CS-GUS-containing seedlings corresponded to ~50°/o (Figure 2 ). In addition, AC42, without Cys-42, resulted in no accumulation of the 68-kD protein (Figure 2) .
Cell fractionation assays showed that the distribution of the chimeric protein encoded by C42G coincided with that of catalase, but the extent of the accumulation of the 68-kD protein in the microbody fractions was reduced ( Figure 6D ) as much as the 68-kD protein in total homogenates of seedlings. Furthermore, in the microbody fractions of the C42F plants, the accumulation of the 68-kD protein was also reduced (data not shown). These results indicated that the chimeric proteins encoded by C42G and C42F were exclusively imported to microbodies post-translation ally, but the accumulation of the 68-kD proteins, the mature form of the CS-GUS protein, was reduced. In addition, the pattern of the distribution of the chimeric proteins encoded by AC42 coincided with that of catalase ( Figure 6E ), indicating that the chimeric proteins were exclusively imported into the microbodies, as was the chimeric protein encoded by CS-GUS ( Figure 6E ). In microbody fractions of the AC42 plant, the 68-kD protein, the mature form, Fraction number Transgenic Arabidopsis plants harboring chimeric proteins were grown for 4 to 6 weeks in the light. The whole plants without roots were homogenized, and extracts were subjected to sucrose density gradient centrifugation (30 to 60% [w/w]). The distribution of the chimeric proteins and catalase was determined by immunoblotting with specific antibodies raised against GUS and catalase (Cat).
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was not detected ( Figure 6E ). Thus, the chimeric protein encoded by AC42 with a molecular mass of 72 kD was imported into microbodies but did not seem to be processed there. These observations suggested that the substitution and elimination of Cys-42 in the N-terminal sequence of gCS caused the reduction and inhibition of precursor processing.
DlSCUSSlON The N-Terminal Sequence of gCS Functions as a Targeting Signal
We established a stable system for analyzing the transport of a specific protein to microbodies, which are small and fragile organelles, by using transgenic plants. We constructed transgenic Arabidopsis plants expressing a GUS protein that included the N-terminal region of pumpkin gCS, and we determined the localization of the chimeric protein. The chimeric CS-GUS protein that included the N-terminal sequence of gCS was transported to glyoxysomes in etiolated cotyledons, to leaf peroxisomes, in green cotyledons and in mature leaves, and to unspecialized microbodies in roots (Figure 4) . Therefore, the N-terminal presequence of gCS plays a role in targeting to plant microbodies. The PTS1 signal has been shown to function as a signal for targeting to glyoxysomes, leaf peroxisomes, and unspecialized microbodies in transgenic plants (Hayashi et al., 1996a) . In this study, we showed that the PTS2 signal also functions as a signal for targeting to plant microbodies. These results suggest that all of the functionally different microbodies in higher plants are equipped with mechanisms for the import of both PTS1-and WS2-containing proteins. Faber et al. (1994) reported that specific growth substrates induced the import pathway for PTSBcontaining proteins in the methylotrophic yeast Hansenula polymorpha. In other eukaryotes, inducible protein transport pathways have not been reported. During greening of germinating cotyledons in oil seeds, the metabolic conditions in cells change dramatically, and the seedlings are transformed from heterotrophs to autotrophs. We have shown that the levels of PTS2-containing proteins, such as citrate synthase and 3-ketoacyl-COA thiolase, decrease markedly at this transition stage in pumpkin cotyledons (Kato et al., 1995) . It is possible that the pathway for transport of PTS2-containing proteins to microbodies might be repressed during greening of the cotyledons.
Roles of Conserved Amino Acids in the Targeting of Proteins to Microbodies
The targeting and the processing of the various chimeric proteins are summarized in Table l . Because thé chimeric proteins encoded by R16G, L17G, and L24G were not detected in the microbodies, the substitutions of Arg-16, Leu-17, and Leu-24 by glycine residues in the presequence of pumpkin gCS caused nonspecific localization of the chimeric proteins (Figures 5D to 5F and 6C). We concluded that the three amino acid residues Arg-16, Leu-17, and Leu-24, located in the first consensus sequence, RL-X5-HL, are essential for protein targeting to plant microbodies. It is difficult to detect the presence of a low concentration of proteins by immunogold labeling.
However, the mutated proteins encoded by R16G, L17G, and L24G were not detected in microbody fractions by immunoblotting ( Figure 6C and data not shown). Therefore, if the mutated proteins are imported into the microbodies, their contents in the microbodies are extremely low.
Where are the nontargeted chimeric proteins localized in transgenic Arabidopsis? In the R16G construct, the chimeric protein was not detected by immunoelectron microscopy in the cell (Figure 50 ). It was detected in the top fractions of density gradients and was not detectable in any other fractions of the gradients when immunoblotting was used ( Figure 6C ).
This suggested that the chimeric protein encoded by R16G
is not associated with any other organelles and remains in the cytosol. Although the products encoded by R16G, Ll7G, L24G, and GUS seemed to be localized in the cytosol, the concentration of the proteins in the cytosol was not sufficient to allow unequivocal detection by immunogold labeling. We could not provide direct evidence that the nontargeted chimeric proteins exist in the cytosol. Further analysis is necessary to detect the nontargeted chimeric proteins.
The consensus sequence is necessary for targeting of various PTSBcontaining proteins, such as mammalian and yeast thiolases to peroxisomes (Glover et al., 1994; Tsukamoto et al., 1994) , yeast amine oxidase to peroxisomes , trypanosome aldolase to glycosomes (Blattner et al., 1995) , and watermelon malate dehydrogenase to yeast peroxisomes . Therefore, the consensus sequence seems generally to function in the targeting of proteins to microbodies in mammals, yeasts, trypanosomes, and plants. PTS2 appears to have been well conserved during evolution, as has F'TS1.
The accuracy and efficiency of protein transport to microbodies are influenced by the nature of the amino acids that replace the conserved amino acids (Glover et al., 1994; Tsukamoto et al., 1994) . The replacement of the three amino acids in the gCS presequence by glycine residues caused no accumulation of the chimeric proteins in the microbodies. Glycine residues have no long side chains, and they allow greater flexibility in the conformation of polypeptides than do other amino acids. The substitutions of arginine and leucine residues by glycine residues might cause the loss of an electric charge and looseness of the rigid conformation of the presequence. The three original amino acids should endow the presequence with an electric charge and a precise conformation so that it can interact with the putative receptor on the microbody membrane.
The presequences of microbody proteins are rich in positively charged amino acids. This feature is similar to those of mitochondrial enzymes, but a few negatively charged amino acids have been found in the presequences of the latter enzymes. Tsukamoto et al. (1994) demonstrated that substitution of the glutamic acid residue in the rat thiolase presequence, which is at a position homologous to that of Glu-30 in the gCS presequence, induced erroneous translocation of the chimeric proteins to mitochondria. They proposed that the negatively charged amino acid, which is not present in mitochondrial presequences, might be required to restrict the targeting activity of the presequence to peroxisomes and not to mitochondria. The substitution of Glu-30 by the noncharged amino acid glycine did not affect the targeting to microbodies in Arabidopsis ( Figure 5C ). We suggest that a negative charge at position 30 in the gCS presequence is not necessary in the recognition required for targeting to the microbodies.
Roles of Conserved Amino Acids in Processing of the Precursor
In the plant carrying CS-GUS, the molecular masses of the chimeric proteins were 68 and 72 kD. The 72-kD protein corresponds to the GUS-containing N-terminal region of gCS, and the 68-kD protein corresponds to the native GUS. The cell fractionation assay showed that the two GUS proteins were colocalized in the microbodies, indicating that the N-terminal presequence of CS-GUS was processed in the microbodies. If the processing of the chimeric protein occurred in another compartment, particularly in the cytosol, the chimeric proteins encoded by R76G, L17G, and L24G, which contained a normal processing site in the presequences, seemed to be processed. Nevertheless, we could not detect the 68-kD proteins, the mature form, in those constructs.
The processing of the chimeric protein encoded by CS-GUS was incomplete. In microbody fractions of CS-GUS construct, the 72-kD protein was detectable a t a leve1 of 50% of the total (Figures 6B). It indicated that 50% of the chimeric protein accumulated as a precursor in the microbodies. Swinkels et al. (1991) failed to observe the processing of a chloramphenicol acetyltransferase fusion protein that included the presequence of rat thiolase in CHO cells. Tsukamoto et al. (1994) reported that an intact processing site, including the N-terminal side of the mature protein, is necessary for processing, and the efficiency of the processing depends on the length of the N-terminal region of the mature protein that is conjugated to the reporter protein. The N-terminal stretch of our GUS chimeric proteins included four of the N-terminal amino acids of the mature gCS. To increase the efficiency of the processing of the chimeric protein encoded by CS-GUS, it might be necessary to include a stretch of more N-terminal amino acids of the mature gCS.
The signals that determine the processing of precursor proteins are not known. A consensus sequence has been found around the cleavage sites of precursor proteins. In the consensus, a cysteine residue at the processing site is completely conserved. Yeast thiolase, which is not processed after translocation to the microbodies, does not have the second consensus or even the cysteine residue. The processing site of pumpkin gCS, determined by N-terminal sequencing of the mature protein, is on the C-terminal side of Val-43 (Kato et al., 1995) , not on that of Cys-42. However, the processing sites of other precursor-type proteins from pumpkin, such as malate dehydrogenase (A. Kato, Y. Takeda-Yoshikama, and M. Nishimura, unpublished results) and thiolase (Kato et al., 1996) , correspond to the cysteine residue. It is possible that the presequence of pumpkin gCS is cleaved on the C-terminal side of Cys-42 and that Val-43 might be removed after cleavage of the presequence. Here, we focused on the function of the cysteine residue in processing.
The chimeric proteins, in which Cys-42 was replaced by either a glycine or a phenylalanine residue, were imported into the microbodies ( Figures 5G and 5H ), but the extent of accumulation of the 68-kD proteins in the seedlings was reduced (Figure 2) . There are two possible explanations for the reduced accumulations of the 68-kD proteins. One is that the import efficiencies of these proteins to the microbodies were reduced. The reduction in import efficiency resulted in the accumulation of nontargeted chimeric proteins; therefore, the relative content of the 68-kD protein declined. The second possibility is that the chimeric proteins were normally imported, but the processing reactions in the microbodies were inhibited. Because microbodies are very fragile organelles, some of them were disrupted, and their matrix proteins were released into the supernatant during homogenization and subsequent centrifugation. In the CS-GUS plant, the distribution of the immunoreactive polypeptides mimicked that of catalase (Figure 6B ). In addition, the relative amounts of the 68-and 72-kD proteins were unchanged both in whole extracts (Figure 2 ) and in isolated microbodies ( Figure 6B ). These results support the latter possibility, namely, that the chimeric proteins encoded by CS-GUS, which have been synthesized in the cytosol, are immediately and exclusively transported into the microbodies.
The distribution of the chimeric proteins in C42G and C42F also coincided with that of catalase, indicating that the chimeric proteins encoded by C42G and C42f were also exclusively imported into the microbodies as the CS-GUS protein was. These observations suggested that replacement of Cys-42 did not affect the targeting to the microbodies but did affect the efficiency of processing of the chimeric proteins. It is possible that there are nontargeted chimeric proteins encoded by C42G, C426 and AC42 in other compartments.
However, at least the ratio of the 68-kD protein in isolated microbodies in C42G-and C42F-containing plants was lower than that of CS-GUS-containing plants. This result strongly suggested that processing of the precursor in microbodies was reduced by the substitution of Cys-42. Furthermore, the mature form protein was not detected in isolated microbodies of plants carrying AC42. These results suggested that the chimeric proteins encoded by AC42 are transported into microbodies but that the processing is completely inhibited. The Cys-42 might play a role in recognition for the processing of the presequence.
The chimeric protein encoded by €30G, in which Glu-30 is replaced by a glycine residue, was less efficiently processed than was CS-GUS (Figure 2) . The relative amount of the 68-kD protein in isolated microbodies was also reduced (data not shown). These results indicate that Glu-30, located upstream of the C-terminal consensus, participates in the recognition required for processing. A putative processing enzyme should recognize not only the cysteine residue but also the region around the cleavage site of the presequence. The secondary structure of the N-terminal region of the precursor might be important for recognition before processing.
METHODS
Mutagenesis and Construction of Plasmids
The plasmid containing part of a cDNA for the N-terminal portion of glyoxysome citrate synthase (gCS) from pumpkin (pGCS16A) in pBluescript SK-(Stratagene, La Jolla, CA) was described by Kato et al. (1995) . The coding region of P-glucuronidase (GUS) originated from the plasmid pGUSN358-S (Clontech, Palo Alto, CA).
The DNA sequence corresponding to the 47 amino acids of the N-terminal region of gCS was amplified by polymerase chain reactions (PCR) with pGCS1GA as the template. The total volume of the reaction mixture for PCR was 30 pL, and it contained 100 ng of template DNA, 200 pM deoxynucleotide triphosphates, 1 FM oligonucleotide primers, supplied buffer (from Stratagene), and 0.75 units of Pfu DNA polymerase (Stratagene). Thirty cycles of reactions (94OC for 45 sec; 55OC for 30 sec; 74OC for 30 sec) were performed in a thermal cycler (Hybaid, Teddington, UK). We used the following primers: for CS-GUS, namely, the wild-type sequence, csl and cs2; for C42G, csl and cs3; for C42E csl and cs4; and for AC42, csl and cs5. To substitute amino acid residues, we used the double PCR method of Barik (1993) .
The primers used for the first PCR are as follows: for R76G, csl and cs6; for L77G, cs1 and cs7; for L24G, csl and cs8; and for H O G , csl and cs9. The primers used for the second PCR were the purified doublestranded products (used as sense primers) and cs2. Hindlll and Bglll restriction sites were ligated to the 5'ends of the amplified fragments. The resulting DNA fragments were digested with Hindlll and Ncol, the restriction site that was included in the sequence for gCS, and they were inserted between the Hindlll and Ncol sites of pGUSN358-S, whose Ncol site encompassed ATG and the second codon of the coding sequence for GUS.
The mutations in these plasmids were confirmed by direct sequence analysis (Sanger et al., 1977) . The chimeric genes were prepared by digestion with Bglll and EcoRl and subsequently were cloned into the Ti binary vector pMAT037 (Matsuoka and Nakamura, 1991) that had been digested with BamHl and EcoRI. The Ti plasmids were transferred to Escherichia coli (strain DH5a) and purified on QlAprep spin columns (Qiagen, Hilden, Germany).
Sequences of the primers for PCR are as follows: csl (sense), 5'-ATCAAGCTTAGATCTATGCCCACCGACATGGAATT-3'; cs2 (antisense), 5'-CGCAACCATGGTCTGAGCTGA-3'; cs3 (antisense), 5'-CAACCATGGTCTGAGCTGACACGCCATGAGC-3'; cs4 (antisense), 5%AACCATGGTCTGAGCTGACACGAAATGAGC-3'; cs5 (antisense), 5-CAACCATGGTCTGAGCTGACACATGAGCCTCGA-3'; cs6 (antisense), 5'-ACGGCCAAGCCATGACGAGCA-3 cs7 (antisense),WACAACG-GCCCCGCGATGACGA-3'; cs8 (antisense), 5'-CAGCGCTCCCAT-GCGCTGC-3'; and cs9 (antisense), 5-CACCGGCGGTCCCAAGGA-CGC-3'. The restriction sites are underlined.
Transformation of Plants
Ti plasmids were transferred to Agrobacterium tumefaciens (strain C58C1) by electroporation (Nagel et al., 1990) . The constructs were introduced into Arabidopsis thaliana (ecotype C24) by the root transformation method (Valvekens et al., 1988) . Primary transformants were designated To plants. TI seeds, harvested from To plants, were germinated on germination medium (Hayashi et al., 1996a ) that contained 50 pglmL kanamycin (Meiji Seika Kaisha, Tokyo, Japan). A cotyledon was removed from a kanamycin-resistant plant that had been grown for 7 days in the light. The amount of the product of the chimeric protein in the cotyledon was analyzed by immunoblotting with a GUS-specific antibody (Molecular Probes, Eugene, OR). We selected severa1 transformants that accumulated large amounts of the product of the chimeric genes. TZ seeds were harvested from T, plants and grown on germination medium that contained 50 pglmL kanamycin. Kanamycin-resistant and homozygous TP plants were used for further analysis.
lmmunological Detection SDS-PAGE was performed by the method of Laemmli (1970) . Immunoblot analysis was performed by the method of Towbin et al. (1979) , with antibodies raised against GUS (Molecular Probes) and catalase (Yamaguchi and Nishimura, 1984) . lmmunological reactions were detected by monitoring activities of horseradish peroxidase (Amersham Japan) with a chemiluminescence kit (ECL; Amersham).
lmmunoelectron Microscopy
Cotyledons, leaves, and roots were fixed, dehydrated, and embedded in LR white resin (London Resin Co., Basingstoke, UK), as described previously . Ultrathin sections were cut on a Reichert ultramicrotome (Leica, Nussloch, Germany) with a diamond knife and mounted on coated nickel grids. The protein A-gold labeling procedure was performed as described by Nishimura et al. (1993) . Ultrathin sections were incubated overnight at room temperature with 1000-or 500-fold diluted antiserum raised against GUS (Molecular Probes) and then with a 50-fold diluted suspension of protein A-gold particles (15 nm; Amersham) at room temperature for 30 min. For double-staining, ultrathin sections were incubated overnight at room temperature with a 1000-fold diluted solution of antibodies raised against GUS and then with a 50-fold diluted suspension of protein A-gold particles (15 nm) at room temperature. Subsequently, the sections were incubated overnight at room temperature with a 2000-fold diluted antiserum raised against catalase and then with a50-fold diluted suspension of protein A-gold particles (10 nm; Amersham) at room temperature. The labeled sections were stained with 4% uranyl acetate and lead citrate and then examined with a transmission electron microscope (1200EX; JEOL, Tokyo, Japan).
Fractionation of Cells
T2 seeds were grown on germination medium at 22OC for 2 weeks under continuous illumination. The resulting seedlings were transferred to glass fiber blocks (Nitto Boseki, Chiba, Japan) and grown for 4 to 6 weeks under continuous illumination. One gram of green plants, excluding roots, was chopped with a razor blade in a Petri dish with 2.5 mL of chopping buffer (150 mM Tricine-KOH, pH 7.5, 1 mM EDTA, 0.5 M sucrose) and filtrated with Miracloth (Calbiochem, La Jolla, CA). One milliliter of the homogenate was layered directly on top of a 16-mL linear sucrose density gradient (30 to 60% [w/w]) that contained 1 mM EDTA. Centrifugation was performed in an SW 28.1 rotor (Beckman, Palo Alto, CA) at 21,000 rpm (60,OOOg) for 3 hr. Fractionation was then performed with a gradient fractionator (model 185; ISCO, Lincoln, NE). The distribution of the chimeric protein and catalase in the various fractions was determined by immunoblotting.
Quantitation of Protein
T2 seedlings were homogenized with buffer (200 mM Tris-HCI, pH 7.5, 1 mM EDTA, 0.05% SDS, 1 mM phenylmethylsulfonyl fluoride) in microcentrifuge tubes, and supernatants were prepared by microcentrifugation. Proteins in supernatants were quantitated by using a protein assay kit (Bio-Rad Japan, Tokyo), with BSA as the standard.
